recombinant, target His-tagged proteins. Purified recombinant, untagged GPDH (rGPDH) converted galactitol into tagatose, and D-tagatose-6-phosphate into galactitol-1-phosphate, in a Zn 2+ -and NAD(H)-dependent manner and readily crystallized what has permitted to solve its crystal structure. In contrast, N-terminally His-tagged GPDH was marginally stable and readily aggregated. The structure of rGPDH revealed metal-binding sites characteristic from the medium-chain dehydrogenase/reductase protein superfamily which may explain its ability to interact with immobilized metals. The structure also provides clues on the harmful effects of the N-terminal His-tag.
INTRODUCTION
Currently immobilised metal affinity chromatography (IMAC) is one of the most widely used techniques for the purification of recombinant proteins [1, 2] due to the standardization of methods for the efficient production of His-tagged proteins [3] and to the fact that the presence of His-tags in recombinant proteins is not normally harmful to their structures [4] . Despite in most cases IMAC leads to high protein purity upon single-step chromatographic purification [1] , it is now recognized that other proteins can be co-purified with the target, His-tagged protein. In E. coli these "contaminants" have been classified in four groups: i) proteins with metal-binding sites, ii) proteins with exposed histidine clusters, iii) proteins that bind to the overexpressed His-tagged protein, and iv) proteins with affinity for agarose-based matrixes [1, 5] . Notably, the presence of these accompanying proteins is not predictable nor universal since many of them are stressresponsive proteins what suggest that experimental variables such as culture conditions, media composition and also the particular bacterial strain, may have important effects on their production.
We show that endogenous GPDH and rGPDH from Escherichia coli spontaneously interact
with NTA matrices what has permitted its efficient purification and further characterization. The enzyme catalyzed the oxidation of galactitol producing the rare sugar tagatose, and the reduction of D-tagatose-6-phosphate, which rendered galactitol-1-phosphate. Pure rGPDH could be crystallized and its structure solved in contrast to the recombinant, N-terminally His 6 -tagged protein (His 6 -GPDH), which showed marginal stability in solution and was therefore reluctant to crystallize, revealing a harmful effect of the tag on the GPDH structure.
GPDH is a member of the medium-chain dehydrogenase/reductase (MDR) protein superfamily [6] which is composed of homodimeric or homotetrameric proteins that contain two tetrahedrally coordinated zinc ions per subunit, one catalytic at the active site, and one structural [7] . The structure of rGPDH reveals a structural zinc coordinated by four cysteine residues and a catalytic metal-binding site, occupied by a Ni 2+ ion, which is coordinated by three protein ligands *Manuscript text (starting from the introduction) Click here to view linked References (C38, H59, E60) and a water molecule. The presence of this last ion within the catalytic metalbinding site indicates that this center may be involved in the interaction with the Ni-NTA matrix.
MATERIALS AND METHODS
Identification of galactitol-1-phosphate 5-dehydrogenase was done by mass spectrometry techniques from tryptic and chymotryptic peptides obtained from in-gel digestions of protein bands from the SDS-PAGE. MALDI-MS and MS/MS data were combined through the BioTools 3.0 program (Bruker Daltonik) to search the nonredundant protein databases NCBInr and SwissProt using the Mascot software (Matrix Science, London, UK) [8] .
The gene gatD from Escherichia coli (K12) coding galactitol-1-phosphate 5-dehydrogenase was PCR-amplified using the primers F-his_gatD (5´-GGTGAAAACCTGTATTTCCAGG GCATGAAATCAGTGGTGAATGAT) and R-his_gatD (5´-ATCGATAAGCTTAGTTAGCTA TTATCAGGGAATGAGCAACACTTT, for producing His 6 -GPDH, and F-r_gatD (5´-TAACTTTAAGAAGGAGATATACATATGAAATCAGTGGTGAATGAT) and R-his_gatD for producing rGPDH. Both protein variants were prepared essentially as described [9] . Purification involved an IMAC step on HisTrap FF Ni-affinity column (GE Healthcare) and an ion exchange on HiTrap Q HP column (GE Healthcare). Purity was checked by MALDI-TOF-MS [10].
Km determinations for galactitol oxidation were done from 1 mM to 100 mM galactitol in 100 mM Tris-HCl buffer pH 9.0, containing 0.5 mM ZnCl 2 and 1.8 mM NAD + with rGPDH concentrations of 200 µg/mL and 100 µg/mL, respectively. Km determinations for D-tagatose-6-phosphate reduction were done from 0.1 mM to 2 mM D-tagatose-6-phosphate (Sigma-Aldrich) in 100 mM Bis-Tris buffer pH 6.5, containing 0.5 mM ZnCl 2 and 0.3 mM NADH with rGPDH concentrations of 5 µg/mL and 2.5 µg/mL, respectively. The reaction was started by addition of the substrate and the change of extinction was followed at 340 nm using an Ultrospec 2100 pro photometer from GE Healthcare. Crystallization of GPDH (and rGPDH) was done using the sparse matrix method [13] essentially as described [14] . Optimization of the crystallization conditions to hanging drops and scaled using MOSFLM [15] and SCALA from the CCP4 program suite [16] . Intensities were converted to structure-factor amplitudes using TRUNCATE also from the CCP4 suite [16] .
The crystal structure of rGPDH was determined by the molecular replacement method with PHASER from the PHENIX program [17] , corresponding to 49% solvent content and two rGPDH molecules within the asymmetric unit. Refinement was performed with PHENIX [17] . Non-crystallographic symmetry restraints were initially applied, but these were removed before the final refinement cycles. Isotropic individual temperature factors were refined, with the TLS parameters added in the final stages of refinement. After several further rounds of restrained and TLS refinement and manual correction using Coot [19] the structural model was finally refined to an R-factor of 21.3%
and an R free of 27.3%. Validation of the structure was performed with MOLPROBITY [20] . Data
processing and structure refinement statistics are shown in Table 1 .
RESULTS AND DISCUSSION

Endogenous GPDH interacts NTA-matrixes
Initial small-scale expression trials aimed at producing the unrelated protein esterase
Q88Y25_Lacpl from the lactic acid bacteria Lactobacillus plantarum WCFS1 in E. coli BL21 (DE3) cells revealed poor levels of expression, which were subsequently improved by the cooverexpression of the enzyme with molecular chaperones GroES/GroEL from E. coli [21] . In these conditions, a minor but significant peak was observed in the eluate from the HisTrap FF column.
The imidazole concentration required for elution of the protein was ~ 25 mM, indicating a weakly bound protein [5] . The mass value of m/z obtained by MALDI-TOF mass spectrometry (37,362 Da) was lower than the expected one for the complete protein (38,628 Da), therefore suggesting either that the expressed protein was not the expected one or that it was a truncated form of the putative esterase.
In-gel trypsin and chymotrypsin digestions and subsequent mass spectrometry analyses unambiguously identified the protein as the galactitol-1-phosphate 5-dehydrogenase from E. coli (UniProt code: P0A9S3). The sequence coverage was 32 and 60% for the cleavage with trypsin and chymotrypsin, respectively. Some peptides containing Asn residues were identified as the deamidated species (chymotryptic peptides comprising residues 47-57, 47-61 and 47-64), and a few methionine oxidations were also observed (chymotryptic peptides 211-227, 278-290 and 327-343; tryptic peptides 203-225 and 280-304).
Therefore, endogenous (untagged) galactitol-1-phosphate 5-dehydrogenase from E. coli spontaneously interacts with HisTrap FF Ni-affinity columns, similarly to other proteins from E.
coli which exhibit high affinity for divalent cations [5] . In this sense, GPDH shares similarity to oxydoreductases from the medium-chain dehydrogenase/reductase (MDR) protein superfamily [6] that contain two distinct metal-binding sites namely a structural Zn 2+ -binding site formed by four Cys residues and a catalytic metal-binding site (Fig 1) . In particular, GPDH shows a sequence identity of ~27 % to threonine 3-dehydrogenase from Thermus thermophilus (PDB entry: 2DQ4) and also to L-threonine dehydrogenase from Thermococcus kodakaraensis (PDB entry: 3GFB) [22] .
Protein ligands involved in metal coordination in the latter two dehydrogenases are also present in GPDH (Fig 1) , suggesting that they play a similar role in this enzyme, presumably explaining its high affinity for Ni 2+ ions immobilized in the NTA matrix.
Biochemical and biophysical characterization of recombinant variants of GPDH
Two recombinant variants of the dehydrogenase were produced in E. coli BL21 (DE3) cells: His 6 -GPDH, which contained an N-terminal His 6 -tag followed by a TEV cleavage site, and recombinant GPDH, which is equivalent to the endogenous enzyme.
Both enzymes exhibited dehydrogenase activity, converting galactitol (galactitol-1-phosphate is not commercially available) into tagatose. This reaction was dependent on both Zn 2+ and NAD + ( Table 2) . The lower but significant activity detected in the absence of Zn 2+ may be due to Zn 2+ contaminations in the buffer substances. Since the results obtained with His 6 -GPDH were hardly reproducible due to its instability (see below) a subsequent, thorough kinetic analysis was carried out only for the untagged protein.
Galactitol-1-phosphate is expected to be the main substrate for oxidation activity of rGPDH, but this is not commercially available. In comparison, the unphosphorylated galactitol has to be considered as a substrate with low oxidation activity and consequently a low affinity apparent Km value of 25.8 mM (σ=3.3 mM) was determined (Fig. 2) . Importantly, the reverse reaction of Dtagatose reduction was not detectable. Reduction of D-tagatose-6-phosphate expressed an increase in specific activity of more than 500 fold as compared to galactitol oxidation ( Table 2 ) and an apparent Km of 1 mM, which clearly demonstrates the expected substrate specificity of this enzyme because galactitol-1-phosphate is the product of this reaction. Among other polyols as substrates only L-sorbitol exhibited oxidation activity and very low activity was found with 1,2-hexanediol ( Table 2) .
Analytical gel-filtration chromatography and ultracentrifugation assays in conjunction with MALDI-TOF-MS analysis of the intact proteins were used to study the oligomeric state(s) of rGPDH and His 6 -GPDH in solution. The first approach revealed that both variants behave as dimeric species (rGPDH: 63 kDa; His 6 -GPDH: 72 kDa) and also that His 6 -GPDH is metastable in solution, forming large aggregates (Fig 3a) .
Conversely, sedimentation velocity analyses revealed that rGPDH (19 and 30 M) is very homogeneous with an s value of 4.5 ± 0.1 S (Fig. 3b) . Additionally, the results obtained from the sedimentation equilibrium experiments indicate that the molecular weight of this species (70.7 kDa for the analysis at 14,000 rpm and 77.2 kDa at 18,000 rpm) is consistent with the mass of a dimer (rGPDH monomeric theoretical mass is 37,390 Da; Fig. 3c ). This conclusion is definitively supported by the crystal structure of rGPDH which reveals it is a dimeric assembly (see below).
Similar experiments carried out with His 6 -GPDH indicated that it is heterogeneous, in agreement with the analytical gel-filtration assays. The sedimentation velocity data indicated that despite the major species corresponded to dimeric His 6 -GPDH (s value 4.8 ± 0.2 S), this species only represented 25% out of total of species, whose s values were higher and broadly distributed (not shown).
As a whole, these results suggest that the presence of the His 6 -tag at the amino-terminus of the enzyme affects negatively to its stability. In agreement with this, protein thermal stability was studied by differential scanning fluorimetry since this method can be applied to samples prone to aggregate [12] due to the small amount and low concentration of protein required. This approach revealed an apparent Tm value of 63.07 ± 0.06 ºC for rGPDH and 59.96 ± 0.12 ºC for freshly prepared His 6 -GPDH. The resulting Tm (3.11 ± 0.12 ºC) is within the range observed in other systems [23] . Hence, it is obvious that the His 6 -tag has an adverse, destabilizing effect on the enzyme which we believe it can be explained since the N-terminal segment structurally rationale and in fact the crystal structure of rGPDH provides some clues about this (see below).
Structural basis of the anomalous IMAC behavior of GPDH and a possible explanation for the adverse effect of the N-terminal His 6 -tag
The crystal structure of apo rGPDH determined at 1.87 Å resolution revealed that the enzyme is a dimer. This result is notable as deduced from an analysis of the protein assemblies 1wly, 1xa0, and 1iyz) out of 110 dimeric assemblies, and 24 out of 46 tetrameric assemblies come from bacteria, it can be inferred that bacterial MDR members are strongly biased towards tetrameric assemblies. Inspection of these bacterial, dimeric assemblies reveals a similar subunit arrangement, which is the one observed for rGPDH, where the 6-stranded -sheet of the Rossmann fold of one subunit interacts with the equivalent -sheet of the accompanying subunit forming an extended 12-stranded -sheet across the dimer interface to create a large interface between subunits (Fig. 4a) . [24] it is notable that only one (together with rGPDH) out of the 7 dimeric bacterial MDRs (PDB code 1uuf) contains zinc.
Conversely, the active site of rGPDH harbors a nickel ion that is bound by C38, H59, E60
and a water molecule, with E144 being in close proximity also (Fig. 4c) . Despite the subtle details of the coordination of the catalytic zinc cannot be inferred from this structure it is now recognized that there exist important differences in zinc ligation along the catalytic mechanism of MDRs [25] and therefore each one of the above potential ligands may play a role in the catalytic mechanism of rGPDH. Similarly to the structural Zn 2+ -binding site, conformation of protein ligands from the catalytic sites from both subunits is essentially identical, although in this case small differences in Obviously, the potential interaction between the IMAC matrix and solvent exposed histidine residues cannot be discarded. In this regard, the crystal structure of rGPDH reveals an additional Ni 2+ ion coordinated to the imidazole rings of H267 from both subunits, a water molecule and the carboxylate group of E300 from a symmetry related molecule (Fig. S1 ). Despite this metal binding-site is crystallographic in that it results from the protein crystal packing it cannot be discarded as a latent Ni 2+ binding-site in solution interacting with the matrix.
The N-terminal end of rGPDH is not flexible but rigid as indicated by: firstly, the Nterminal methionine of rGPDH is perfectly defined in the electron density map with the side chain being buried within the structure (Fig. 4d) ; secondly, the 1 strand (residues 1-6) is tightly packed between the 2 strand (residues 13-17) and the extended segment formed by residues 117-119;
thirdly, a salt bridge is formed between E16 carboxylic group and the N-terminal amino group. It is obvious that incorporation of additional residues at the N-terminal end (as in Residuals from the fits are shown in the two lower panels. 
